Rodents of the genus Mastomys (the multimammate rats) are known throughout sub-Saharan Africa as major agricultural pests that can cause significant damage to standing or stored crops in years of outbreaks (Fiedler 1988; Leirs 1995) . Various studies have thus addressed the question of when, where, and how these outbreaks occur, to propose ideas both for forecasting them before they start, and for limiting their impact by taking appropriate actions at the right place and moment. In west Africa, Mastomys erythroleucus represents the most widespread and ubiquitous species of this genus (Duplantier and Granjon 1988 ) and as such, it has been the focus of most studies to date (Hubert 1982; Hubert and Adam 1985; Hubert et al. 1978) . In east Africa, M. natalensis is by far the dominant species, and its population biology has been studied in detail, especially in Tanzania (Leirs 1995; Leirs et al. 1989 Leirs et al. , 1997 Stenseth et al. 2001; Telford 1989) . In all cases, a positive relationship has been reported between the quality (duration, distribution, and total amount of rainfall) of the rainy season(s) and reproductive success in populations of Mastomys, via the quality or quantity, or both, of available food. However, this relationship is not a simple one, because both deterministic and stochastic processes influence the dynamics of these populations (Hubert and Adam 1985; Leirs et al. 1997) . Linking variation in population growth rate to variation in environmental conditions represents a major issue to understanding the long-term persistence of a species in a given ecological system (Chesson 2000; Shea et al. 2004) . Moreover, this linkage also is central to the intermediate disturbance hypothesis, which states that species richness should be greatest in communities subjected to intermediate levels of disturbance (see reviews in Roxburgh et al. 2004; Shea et al. 2004) .
To understand these processes, and more especially the respective role of density-dependent and density-independent factors in population dynamics, requires good descriptive models of the functioning of the population under focus. Here, we present and discuss the results of a 3-year study on population dynamics of Mastomys huberti in the inner delta of the Niger River, Mali. Although less studied than either M. erythroleucus or M. natalensis (but see Duplantier and Sene 2000; Granjon et al. 1994) , M. huberti must undoubtedly be considered one of the major pest species for agriculture in western Africa, where this species is found primarily in humid habitats, either natural or anthropogenic (Duplantier and Granjon 1988) . In Senegal, the recent development of irrigated agriculture along the Senegal River has caused a significant extension of the distribution of the species eastward, with an increase in population numbers and apparent individual survival (Duplantier 1998) . In Mali, the main agricultural region is the inner delta of the Niger River. This 30,000-km 2 zone is subjected to annual flooding of the Niger River (Orange et al. 2002) , which makes it an especially suitable place for rice cultivation (Maïga et al. 2002) . Arvicanthis niloticus and M. huberti are the 2 main rodent species there, and both constitute a threat to crops at various stages of their cycle. By using a capture-mark-release approach, we monitored a population of M. huberti at a representative site of the inner delta of the Niger River for 3 years, to address the following questions: What is the annual density cycle of M. huberti, and more particularly is the above-mentioned relationship between rainfall and breeding success valid in this particular environment? What are the consequences on population dynamics (demographic and spatial aspects) of the annual flood of the Niger River? Can climatical or hydrological data be used as short-term predictors of abundance of M. huberti in the inner delta of the Niger? Finally, a preliminary model describing demographic variation as a function of Niger River flood height and rainfall is presented, in an attempt to quantify demographic patterns of this species in this situation.
MATERIALS AND METHODS
Study site and traplines.-The study site (148539240N, 048029060W) is located 46 km north of Mopti, about 1 km west of the main course of Niger River (Fig. 1) . The study area consists mainly of a vast basin bordered to the east by the Niger River, and to the north and west by one of its small tributaries, the Mayo Ninga (Fig. 1) . Most of this basin floods annually, with peak flooding between September and November (Fig. 2) . Most of the basin is seasonally cultivated with rice, with weeding fires occurring from January to May, plowing in May-June, sowing approximately in July, and harvesting in November-December (Maïga et al. 2002) . The ground that is not submerged at the height of the flood corresponds mostly to alluvial levees along the Mayo Ninga, the highest parts of which are covered by orchards. The climate is typically Sahelian, with a unique rainy season lasting from May to October; about 80% of the rainfall occurs from July through September ( Fig. 2A) . Within the period of interest for our study, 1999 and 2003 were years of particularly high rainfall (573 and 659 mm, respectively, in Mopti-data from the National Meteorological Service, in litt.), and 2002 had dramatically low rainfall (242.4 mm). This correlated well with the level of the flood, which was especially high in 1999 and 2003 and low in 2002 (662 and 649 mm compared to 532 mm of water height in the Bani River in Mopti, respectively-data from the National Fig. 2A ). Two points should be stressed here. First, although we will refer to local rainfall, flooding is linked with phenomena occurring on a much larger spatiotemporal scale (mainly rains in the upper course of the Niger River and water management at the level of dams upstream of the study site- Orange et al. 2002) . Second, the flood of the Niger River occurs in an area with virtually no difference in elevation (only 10-m difference between Ké-Macina and Diré, 2 cities about 400 km apart and considered to be the starting and ending points of the inner delta of the Niger- Mahé et al. 2002) . Consequently, the floods affect vast areas almost simultaneously.
Three traplines were established to encompass the main habitat types of the study area (Fig. 1) . Trapline A comprised 100 traps along the Mayo Ninga, running through grassy areas (Ipomea aquatica, I. vagans, Solanum incanum, Aeschynomene nilotica, and A. indica), shrubby areas (Mimosa pigra), and orchards (ronier palm trees, mango trees, and guava trees) that were very poor in ground vegetation but surrounded by hedges with a few trees (Piliostigma reticulatum, Acacia seyal, Faidherbia albida, Acacia macrostachya, Vitex doniana, and Mitragyna inermis) and shrubs (Phyllanthus reticulatus, Maytenus senegalensis, Lawsonia inermis, and Euphorbia balsamifera). Each capture-mark-release session lasted 5 nights; traps were baited with peanut butter on a piece of cassava and opened in late afternoon, then checked and closed every morning. Live traps used were either locally made (wooden-based, wire-mesh construction, 8.5 Â 8.5 Â 26.5 cm) or entirely wire-mesh manufactured (10 Â 10 Â 29 cm, BTS Company, Besançon, France). These 2 types of traps were placed randomly on the traplines, and their relative trappability toward M. huberti was compared at 3 sessions (1 at each season). No difference in trappability was found between the traps on trapline D, where M. huberti was by far the dominant species. On trapline A, M. huberti was captured more frequently in locally made than in BTS traps; this was only a trend in March 2001 (P . 0.05), but was statistically significant in June 2002 (32.2% compared to 17.6%, P , 0.001) and October 2002 (57.3% compared to 45.5%, P , 0.05). This preferential capture of M. huberti in local traps was associated with (and probably partly due to) a trend (P . 0.05) toward the preferential capture of A. niloticus in the larger BTS traps. The same trend was observed on trapline E with A. niloticus but also Taterillus gracilis. Because relative positions of the 2 types of traps were randomly changed within each session (during rebaiting) and between sessions, these differences in trappability were considered to have no significant impact on the results. Traps were set every 10 m on each trapline, and every trap position was recorded via a global positioning system (GPS [Garmin International, Inc., Olathe, Kansas]; with a displayed maximum accuracy of 5 m). This enabled us to account for changes in trap positions associated with flooding. As far as possible, trap positions were the same from one session to the other, but this could not be the case on trapline A during the October sessions when part of the usual trapline layout was submerged. However, 1 trap position (crosswise to the trapline) never moved more than 20 m during the study.
Small mammals captured were identified, weighed, and individually marked by toeclipping before being released at their capture point. Animals were treated in a humane manner, and in accordance with Malian Centre National de la Recherche Scientifique et Technique authorizations and guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998). Toe clip material was preserved in ethanol for further genetic analyses. We classified M. huberti 20 g as juveniles, because these never exhibited any signs of reproductive activity. Reproductive status was assessed by determining testis size and position (scrotal compared to abdominal) in males, and vaginal opening and lactation in females. Pregnant females were identified by palpation; their percentage in the population was expressed as the number of pregnant females/total number of females.
Data treatment.-Abundance of M. huberti was estimated as the minimum number alive (MNA- Krebs 1966) , which counts all animals present at or both before and after time t. This enumeration method has been shown to represent real population size quite accurately, even if with a generally unknown degree of bias (Leirs 1995) . Conversely, estimation methods (such as Lincoln-Petersen or Jolly-Seber) often overestimate population size, but they also rely on assumptions that likely were violated in our study (see Leirs [1995] for a critical view of these methods).
Survival was assessed by using the Jolly-Seber method (see Pollock et al. [1990] or Leirs [1995] for details), which computes estimates of survival (u [i] ¼ the probability that an animal survives from time i to i þ 1) and capture probability for capture-recapture models for open populations with a single age class (JOLLY software, Hines 2002, http://www.mbr-pwrc.usgs.gov/software/jolly.html). This robust method was chosen because our experimental design (capture-markrelease on traplines) was more likely to sample a population of an ''open'' type rather than grid designs that were impossible to develop in this environment and at this spatial scale. Survival values were calculated for animals 1st captured on trapline A only, because trapline D was flooded yearly during one of the study periods (October) and data from trapline E were too few for reliable estimates. Spatial aspects of population dynamics of M. huberti were visually assessed through the projection of capture data on the study area map. GPS positions were used to compute a center of activity (arithmetic mean of the latitudinal and longitudinal positions of its capture points) for all individuals in a given session; these average positions were then aggregated on a 25 Â 25-m square grid superimposed on the study area map, to visualize local density over the whole trapping area.
Demographic model.-A basic conceptual model was built to investigate the relationship between rainfall, flooding, and demographic patterns in M. huberti. Standard distribution curves were fitted to observed data by using nonlinear regression analysis (with GenStat 7.1, VSN International Ltd., Hemel Hempstead, United Kingdom). Demographic growth rates in the wet and the dry seasons were estimated for a given year i as the ratio between MNAs in October and June of year i, and the ratio between MNAs in June of year i þ 1 and October of year i, respectively. The annual demographic growth rate was taken as the ratio between MNA in June of year i þ 1 and that in June of year i.
RESULTS
Capture data.-Altogether there were 7,996 trap-nights during the first 10 sessions (Table 1 ). The study area was entirely flooded in October 2003 (session 11); as a consequence, no traps could be set, and the rodent population was Table 1 ). Their relative abundances on the various traplines indicate that M. huberti and A. niloticus strongly dominated trapline A (Fig. 3A) . However, abundance of the latter species undoubtedly was underestimated because traps were set as late as possible in the afternoon to optimize captures of nocturnal M. huberti versus diurnal A. niloticus (Duplantier and Granjon 1990) . Trapline D was dominated by M. huberti, which reached the highest relative frequencies of any species during the study period (Fig. 3B) . T. gracilis was the dominant species on trapline E, especially during the second half of the study; M. huberti and A. niloticus were represented at similar, lower frequencies (Fig. 3C) .
Abundance.-The pattern of variation in abundance of M. huberti underwent fairly distinct phases on trapline A (Fig. 2B) (Fig. 2B) . Trapline E was subjected to much smaller variations, with MNA values of M. huberti never exceeding 25 individuals (Fig. 2B) . The overall pattern of abundance, representing the cumulative curve of these 3 trapline results, shows the same trends as described above for trapline A (Fig. 4A) .
Spatial pattern.-The spatial distribution of abundance of M. huberti (Fig. 5 ) corresponded with the distribution of available habitat, as influenced by flooding. In the majority of dry season sessions, density was greatest in the central basin, represented by trapline D crossing the seasonally ricecultivated zone (Figs. 5A, 5C , 5D, 5F, 5G, 5I, and 5J). In October of all years (i.e., when the flood was at its maximum), individuals (and trapping efforts) were restricted to zones above the water level, where they tended to be concentrated either in grassy areas (at both ends of trapline A) or in the bushy (M. pigra) zone at the center of trapline A (Figs. 5B, 5E , and 5H). Orchards seemed to be less preferred, as well as the more sandy area crossed by trapline E. We only documented 10 movements between traplines. These were all between the end of trapline D and the contiguous middle part of trapline A, and never exceeded 40 m in linear distance. Survival.-Monthly estimates of survival (u) on trapline A exhibited important temporal variations, with a clear annual pattern (Table 2 ). This rate either could not be computed because of the lack of recaptures, or was very low (u ¼ 0. (Fig. 4B) . Percentage of juvenile individuals ( 20 g) was always substantial in March (Fig.  4C) , indicating a probable peak in reproduction a few months earlier that was missed because of the trapping schedule. However, the March 2003 value was probably overestimated because individual body condition was very poor in that year; indeed, a few individuals known to be approximately 3 months of age at that period weighed less than 20 g. These particular individuals were tallied as adults, but other light young adults (which had not been captured previously) may also have been !3 months of age.
As a result of this reproductive pattern, the March population mainly comprised young individuals, and its mean weight was low (,30 g; Figs. 6C, 6F, and 6I). This distribution shifts to the right in June when the mean weight of the population increased to 35-40 g, with an almost perfectly normal distribution (Figs. 6A, 6D, 6G, and 6J). In October, young individuals were absent from the population, so the mean weight was 45-60 g (Figs. 6B, 6E, and 6H) .
Demographic model.-The relationship between annual rainfall and water level at the height of the flood was well described by a polynomial curve (y ¼ Àax 2 þ bx þ c; Fig. 7A ), illustrating the fact that flooding increased with rainfall in a less than proportional manner. The wet season demographic growth rate decreased with water level in a logistic manner ( Fig. 7B ). Actually, maximum growth rate during the wet season should be close to 1 because reproduction ceases at that period. However, immigration from flooded areas may increase the growth rate slightly above 1 as observed in 2002. Demographic growth rate during the dry season increases exponentially with water level reached by the preceding flood (y ¼ a þ br x ; Fig. 7C ). The annual demographic growth rate could thus be estimated as the product of estimated values for wet and dry season growth rates. Fig. 7D clearly shows that a Gaussian model adequately describes the relationship between this annual growth rate and maximal water level, even if these data could possibly fit other models (e.g., linear or exponential). 
DISCUSSION
The relation between the quality (including duration, distribution, and total amount of rainfall) of the rainy season and variation in abundance of Mastomys in the Sahelian region has been studied in detail for M. erythroleucus from Senegal (Hubert 1982; Hubert and Adam 1985) . There, the reproductive period appeared to correlate quite closely with rainfall pattern, with pregnant females being recorded principally during the rainy months. As a result, years with especially long rainy seasons are also years of extended reproductive periods for Mastomys, which may lead to outbreak situations, as observed in [1978] [1979] . During such years, young born at the beginning of the reproductive period mature rapidly and breed during the same season. In Tanzanian populations of M. natalensis, dynamics are somewhat similar, even though the rainy season is longer, with 2 distinct peaks of rainfall (Leirs et al. 1993 . There, the onset of heavy rains (masika rains centered in March-May) triggers reproductive activity, which more or less continues throughout the dry season. Then, if the first peak of the rainy season is high (vuli rains centered in December), maturation of the new generation is accelerated and these individuals may reproduce quicker, before the return of the main rainy season. Finally, outbreaks appear to be associated in both species and situations with above-average rainfall .
The situation seems different in populations of M. huberti from the inner delta of the Niger River in Mali. Indeed, maximum abundance was observed in October 2002 immediately after the poorest rainy season (i.e., with the largest rainfall amounts) of the study period, whereas rodent populations disappeared in October 2003 just after the end of the highest rainy season. The pattern of flooding interacts with local rainfall pattern in a complex way and undoubtedly is a key factor in this population dynamic. Although total rainfall and maximum flood height were highly correlated in this study (Pearson r ¼ 0.942, P , 0.01; see also Fig. 7A ), they may have contrasting effects on rodent abundances. By reducing areas available to rodents, important floods probably reduce their numbers, occasionally to local extinction (e.g., 2003). Because flooding patterns were rather similar in 1999 and 2003, it can be hypothesized that a crash of rodent populations likely also occurred after the 1999 flood. This kind of event would probably not be an exceptional phenomenon in the inner delta of the Niger River. Examination of data from June 2000 also suggests that 6 months are sufficient for demographic recovery after a local population crash after an important flooding event.
Linked to this difference in the pattern of abundance cycle is a marked difference in the timing of the reproductive period relative to the rainy season in the inner delta of the Niger River compared with the studies cited above. Pregnant female M. huberti were always uncommon toward the end of the rainy season (October), especially when compared to values recorded at the beginning of the rainy season (June). In fact, both the regularly observed March peak in juvenile frequency and the October absence of juveniles strongly suggest that reproduction begins after flooding, generally about 3 months after the peak of the rains, and on average 1 month after the end of the rains ( Fig. 2A) . Because of the long intersession interval chosen here, we may have missed a peak in pregnant females centered around December-January, as indicated by the March peak in juveniles. Even if some reproductive activities may actually start earlier, this delay of the main breeding period relative to the rainy season indicates somewhat different dynamics of populations of M. huberti in the inner delta of the Niger River compared to M. erythroleucus and M. natalensis in Senegal and Tanzania, respectively.
Again, a possible explanation for this may lie in the occurrence of the annual flood, which likely induces a shift in reproduction, so that the production of new individuals coincides with water withdrawal and the increase of available space and resources. Because the peak of the flood is delayed by about 2 months relative to the local rainfall maximum, synchronizing reproduction with rainfall would lead to an increase of abundance at the very moment when space is at its minimum (October-November). This differs from the Kafue River floodplain in Zambia, where reproduction of small mammals (and especially M. natalensis) was concentrated at the height and end of the rainy season, and was at its minimum early in the dry season when populations were displaced by the flood (Sheppe 1972 ). An important difference between the Zambian and Malian situation lies in the time lag between the rainfall and flood peaks, which is at least 4 months in Zambia compared to only 2 months in Mali. Another difference may be that rodents in the inner delta of the Niger River are less likely to escape flooding than on the more linear Zambian system; in the inner delta of the Niger, the near absence of topographic variation over a vast area makes the flooding affect a vast area uniformly , limiting refuges for rodents.
On the other hand the height of the flood itself seems to influence the extent to which rodent populations are reduced at the inundation peak; a very important flood greatly reduces the availability of emerged land, thereby impacting population size. This probably was the case in 1999, but it was documented de facto in 2003 when the entire study area flooded and the population of Mastomys completely disap- The model applied to our data indicated that population dynamics of M. huberti are strongly dependent on the water level reached by the flood. However, this relationship is not monotonic but may take the shape of a normal curve, with lowest predicted values for annual demographic growth rates after extreme flood intensities (either high or low), and highest predicted values after floods of intermediate importance. Although this Gaussian model is tentative because of limited data, the relationship found here can be seen as a first step toward quantifying demographic trends in M. huberti within the inner delta of the Niger River. Awaiting confirmation based on more data points, this model would illustrate at the population scale the intermediate disturbance hypothesis usually considered at the community level Shea et al. 2004) .
It seems reasonable to expect that some proximate processes influencing the demography of M. huberti are common between the inner delta of the Niger River and other areas in which the genus has been studied. In particular, the triggering of reproduction could be associated with the initiation of annual vegetative growth. Indeed, germinating grasses are known to impact reproductive condition of female Mastomys (Firquet et al. 1996; Linn 1991) . In Tanzania, vegetation starts lush growth soon after the rains, and this is when the animals start breeding (Leirs et al. 1994) . Similarly in the Kafue flats of Zambia, rodents breed soon after the rains when vegetation growth is at its maximum; populations decline and reproduction stops when the area is flooded several months later (Sheppe 1972) . In the inner delta of the Niger River, flooding comes so soon after the rains that ground vegetation only can start growing when the flood is withdrawing, and increasing rodent populations only can have access to this growing ground vegetation when water recedes.
Another common feature to studies on Mastomys is the low survival rates observed during the period during and after the main breeding season. Such high mortality after reproduction has been recorded in M. erythroleucus (Hubert 1982; Hubert and Adam 1985) and M. natalensis (Bronner 1986; Leirs 1995; Neal 1977) , but also in island populations of M. huberti in Senegal (Granjon et al. 1994 ). This period corresponds to the main population renewal phase. After this time, mean survival rates (March-June especially) become higher in new generations of individuals.
The demographic cycle of populations of M. huberti in the inner delta of the Niger River thus appears to respond particularly well to spatiotemporal variations in habitat and resources associated with the annual flood of the Niger River, itself correlated with local rainfall patterns. One of the main features of the cycle of M. huberti is the delayed onset of reproduction relative to other populations of Mastomys studied. The main breeding season occurs after the peak of the flood, well after the rainy season, and leads to the production of a new generation as water level drops, at which time the colonization of emerging habitats is rapid; in the inner delta of the Niger of central Mali this corresponds largely with rice-cultivated areas, where the highest densities of M. huberti are reached. However, the proximate factor leading to the onset of reproduction (access to growing vegetation) may be common to all studies of this genus throughout Africa. Then, if the preceding rainy season has been good (rains abundant and distributed over a long enough period) and the flood not too high, densities may stay high throughout the dry season. Conversely, high flood levels may represent a means for limiting densities via the reduction in space availability, as illustrated in the temperate zone by Jacob (2003) .
RÉ SUMÉ
La dynamique de population du rat à mamelles multiples Mastomys huberti a été suivie par capture-marquage-recapture pendant trois ans dans une zone rizicole du delta intérieur du fleuve Niger au Mali, où cette espèce est une des principales déprédatrices des cultures. L'abondance a été faible à moyenne entre juin 2000 et mars 2002, a atteint un pic en octobre 2002, avant de diminuer rapidement jusqu'à une disparition totale de la population en octobre 2003, du fait de l'inondation complète de la zone d'étude. La reproduction démarrait bien après la fin de la saison des pluies, contrairement à ce qui a été trouvé dans d'autres études sur le genre. La survie était très faible entre la fin de la saison des pluies et le milieu de la saison sèche, élevée pendant le reste de la saison sèche. La crue annuelle du fleuve Niger s'est révélée avoir une influence majeure sur la dynamique démographique et spatiale de cette population de M. huberti en i) limitant la surface de terrain émergé, jusqu'à disparition complète les années de forte crue, entraînant une extinction locale, ii) retardant le démarrage de la reproduction au début de la saison sèche. La pluviométrie et la crue interagissent de façon complexe pour façonner le cycle démograph-ique de l'espèce, selon une dynamique en accord avec l'hypothèse de perturbation intermédiaire.
